INTRODUCTION {#sec0005}
============

Neurodegeneration and neuronal injury biomarkers, including structural brain magnetic resonance imaging (MRI), have been a key component in the study of Alzheimer's disease (AD) over the past few decades \[[@ref001]\]. While amyloid-β (Aβ) plaques and pathologic tau remain the most important neuropathological biomarkers that characterize AD \[[@ref002]\], other biomarkers of neurodegeneration, such as those measured by MRI, often provide insight into disease topography and severity \[[@ref001]\]. Hippocampal and medial temporal lobe atrophy are signature markers of AD \[[@ref003]\] that are often present before clinical symptoms become manifest \[[@ref005]\] and can signify the extent of pathology \[[@ref006]\]. These neuroanatomical changes are especially important during the preclinical stage and may hold prognostic significance for mild cognitive impairment (MCI) to AD conversion \[[@ref007]\]. Numerous complex image analysis methods and tools to quantify such pathology also exist and could potentially play a role in AD diagnosis \[[@ref008]\]. However, since structural MRI is a nonspecific indicator of damage that could be a result of numerous etiologies \[[@ref001]\], universally accepted quantitative biomarkers of MRI to detect AD have not been established \[[@ref008]\]. Thus, the current National Institute on Aging and Alzheimer's Association (NIA-AA) diagnostic criteria for dementia due to AD \[[@ref008]\] and MCI due to AD \[[@ref009]\] do not specifically recommend either qualitative or quantitative structural brain MRI for the diagnostic workup.

The current diagnostic guidelines mention consideration of cerebrovascular disease, "extensive infarcts or severe white matter hyperintensity burden" (p. 265--266 \[[@ref008]\]), and use of structural MRI as a marker of neuronal injury when determining diagnosis. However, in practice and likely even in clinical trials, AD or MCI patients are often diagnosed using clinical criteria and brain computed tomography (CT) scans. CT is less sensitive to small vessel disease markers such as microbleeds, perivascular spaces, small lacunes, white matter hyperintensities, and micro-infarcts \[[@ref012]\]. In addition, the presence of lobar microbleeds may suggest cerebral amyloid angiopathy \[[@ref014]\]. These small vessel markers are predictive of future dementia risk (as well as stroke and mortality risks) \[[@ref015]\] and represent potentially treatable or preventable targets that could reduce dementia expression. Although there are currently few studies comparing the accuracy of CT and MRI to detect a vascular component to dementia \[[@ref018]\], Beynon et al. \[[@ref019]\] found greater accuracy of MRI compared to CT for lacunar infarcts, non-lacunar infarcts, white matter hyperintensities, periventricular hyperintensities, basal ganglia hyperintensities, and global assessment (presence of two or more findings). CT may also be less sensitive to vascular changes in the hippocampus and thalamus than MRI, yet small lacunes in these areas may contribute to overall cognitive decline in the absence of a clear step-wise progression \[[@ref020]\].

Moreover, the NIA-AA research framework \[[@ref001]\] suggests that, while structural MRI is not specific enough to be used as a biomarker of the Alzheimer's continuum, it may play an important role as a measure of nonspecific neurodegeneration (the "N" in the AT(N) categorization schema) \[[@ref001]\]. For research purposes, this framework stopped short of providing specific methodologies or volumetric cut-offs (globally or regionally) that could be defined as neurodegeneration positive (N+). Similarly, the research framework steered clear of including vascular pathologies formally, although left room for addition of AT(N)(V) criteria in the future. Given that the NIA-AA diagnostic criteria did not set a cut-off for "extensive infarcts or severe white matter disease burden", and the literature on MRI small vessel disease biomarkers is still evolving, defining a precise cut-off for vascular disease remains a challenge. Without formally requiring structural brain MRI, comorbid pathologies are often missed in routine clinical diagnosis of AD, and clinical trials in AD/MCI using NIA-AA diagnostic criteria \[[@ref008]\] can suffer from increased heterogeneity, even though recent anti-amyloid trials now report amyloid biomarker progression in cerebrospinal fluid and in brain using PET. Given the almost universally negative results of treatment trials, and the 99.6% failure rate of AD clinical drug trials between 2002 and 2012 \[[@ref021]\], consideration of vascular factors and comorbid or competing pathologies is vital \[[@ref022]\].

The aim of this paper was to 1) explore the use of structural brain MRI in AD/MCI trials over the past 10 years by examining data from ClinicalTrials.gov and 2) to determine the frequency with which inclusion of standardized structural MRI acquisitions detects comorbid vascular and non-vascular pathologies by examining the frequency of incidental or exclusionary MRI findings in a cohort of patients with detailed, clinically-defined AD/MCI participating in the Ontario Neurodegenerative Disease Research Initiative (ONDRI) study.

METHODS {#sec0010}
=======

Aim 1 {#sec0015}
-----

We examined data from ClinicalTrials.gov (accessed May 17, 2018) for AD clinical trials over the past 10 years. ClinicalTrials.gov is web-based resource maintained by the National Library of Medicine (NLM) at the National Institutes of Health (NIH) that provides information on publicly and privately supported clinical studies.

We used the search term "Alzheimer's Disease" as categorized by ClinicalTrials.gov within the "condition or disease" search field. We limited our search to completed, suspended and terminated interventional studies in phase II and III which started on or after January 1, 2008. Extension and follow-up studies were excluded. Inclusion and exclusion criteria listed on ClinicalTrials.gov for each study were reviewed to determine whether brain imaging-based eligibility criteria were included in each trial. We extracted study title and ID, study status, trial phase, start date, number of subjects enrolled or estimated enrollment (if results were not yet reported), intervention/treatment and specifically, neuroimaging-based eligibility criteria for each study.

Aim 2 {#sec0020}
-----

The overall design of the ONDRI study has previously been reported elsewhere \[[@ref024]\]. A total of 521 participants with vascular cognitive impairment (*n* = 161), AD/MCI (*n* = 126), amyotrophic lateral sclerosis (*n* = 40), frontotemporal dementia (*n* = 53), and Parkinson's disease (*n* = 141) have been enrolled into this longitudinal study from centers throughout Ontario. General inclusion and exclusion criteria can be found in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. Inclusion criteria for the AD/MCI cohort were: 1) 45--90 years of age, 2) meet the NIA-AA core clinical criteria for probable AD or amnestic single or multiple domain MCI, and 3) non-AD causes of dementia ruled out by standardized work up for dementia including brain imaging and blood work screen. Participant with untreated major depression within 90 days of the screening visit, substance abuse, or other significant psychiatric disorder and a non-amnestic presentation (e.g., language, visuospatial, or executive function) of AD or MCI were excluded. Each participant underwent six different platform assessments including neuroimaging, neuropsychology, neuropathology, genomics, ocular (eye movements and retinal imaging), and gait and balance assessments. Assessments details are reported in detail elsewhere \[[@ref024]\].

The neuroimaging protocol for ONDRI has been previously described \[[@ref024]\]. Briefly, six different sequences are run on each study participant, require approximately 1 h and include the following: 1) three-dimensional T1-weighted anatomical scan used for volumetric assessment of brain structures, 2) proton density/T2-weighted scan used for the assessment of tissue ischemia and skull stripping and better distinction of perivascular spaces from lacunes, 3) fluid-attenuated inversion recovery for the assessment of white matter hyperintensities, 4) gradient echo for the assessment of tissue microbleeds, 5) resting state functional MRI for the evaluation of brain network activity, and 6) diffusion tensor imaging for the evaluation of white matter structural integrity and connectivity. A board-certified research neuroradiologist reviewed the structural images to identify incidental findings or exclusionary pathology \[[@ref024]\]. Incidental findings were defined as possible non-AD causes of dementia (e.g., strokes, lacunes, tumors, etc.) ruled out by standardized brain imaging as outlined in the ONDRI imaging protocol \[[@ref024]\]. ONDRI AD/MCI and neuroimaging lead investigators reviewed the findings to determine whether the findings could be contributory to dementia symptom expression and/or should be excluded by current clinical criteria for probable AD/MCI \[[@ref008]\] ([Table 1](#jad-74-jad191097-t001){ref-type="table"}). These findings were initially either not identified, not disclosed or not reported through standardized clinical screening and assessment.

###### 

Incidental MRI Findings in the ONDRI AD/MCI Cohort

       Pathology                                                            Exclusionary
  ---- ------------------------------------------------------------------- --------------
  1    Basilar aneurysm                                                          No
  2    Multiple cortical lesions                                                Yes
  3    Infarct in pons                                                           No
  4    Bilateral subdural hematoma                                               No
  5    Severe white matter hyperintensity burden                                Yes
  6    Temporal lobe infarct &severe white matter hyperintensity burden         Yes
  7    Mass lesion in gyrus rectus                                               No
  8    Severe white matter hyperintensity burden &micro/macrobleeds             Yes
  9    Sphenoid mass lesion                                                      No
  10   Severe white matter hyperintensity burden &bifrontal hygroma             Yes
  11   Severe white matter hyperintensity burden &sub-arachnoid cyst            Yes
  12   Basal ganglia infarct (bilateral putaminal)                              Yes
  13   Inferior frontal infarct                                                 Yes
  14   Cortical infarct                                                         Yes
  15   Left thalamic lacune                                                     Yes
  16   Traumatic brain injury &severe white matter hyperintensity burden        Yes
  17   Subdural hygroma                                                          No
  18   Temporal lobectomy                                                       Yes
  19   Venous ischemic edema                                                     No
  20   Medial temporal lobe infarct                                             Yes
  21   Basal ganglia, occipital, cerebellar infarcts                            Yes
  22   Thalamic lacunes                                                         Yes

RESULTS {#sec0025}
=======

Aim 1 {#sec0030}
-----

A review of 210 AD interventional clinical trials since 2008, including 53,755 patients, revealed that only 105 (50%) trials included any neuroimaging (i.e., indicated "CT", "MRI", "brain imaging", or "neuroimaging") in the exclusion or inclusion criteria ([Fig. 1](#jad-74-jad191097-g001){ref-type="fig"}; neuroimaging-based eligibility criteria for each study can be found in [Supplementary Table 4](#S1){ref-type="supplementary-material"}). Of those that did include neuroimaging in the exclusion or inclusion or both criteria, only 58 (27.6% total; 55.2% of trials with any brain imaging) specified MRI. The trials requiring MRI included 16,479 patients, representing 30.7% of all patients in AD interventional trials. We did not observe a trend of increasing MRI inclusion with time. Running the same search within the past year identified 6 new studies, and similar trends were observed, with some studies that included CT or MRI and none that specifically required MRI within the eligibility criteria.

![Frequency of inclusion of structural MRI in eligibility criteria of AD clinical trials.](jad-74-jad191097-g001){#jad-74-jad191097-g001}

We then further restricted our review to: 1) Phase III trials, 2) with results available on ClinicalTrials.gov, 3) sample size greater than 100, and 4) cognitive primary outcome. Twelve studies were identified ([Table 2](#jad-74-jad191097-t002){ref-type="table"}). Review of published articles and protocols (if available) and results reported on ClinicalTrials.gov from these studies revealed that all studies required CT or MRI; however, MRI specifically was only required by half the studies (N = 6, 50%). Three of the twelve studies were conducted by the same investigators \[[@ref025]\]. Of the studies that did not report requiring MRI, one study specifically mentioned that patients were not excluded for vascular abnormalities on CT or MRI \[[@ref028]\], and one reported that only a subset of patients received MRI at baseline \[[@ref025]\]. We conducted this same search using the EU Clinical Trials Register and WHO Clinical Trial Database, which yielded similar results, with few trials specifying MRI in the inclusion/exclusion criteria.

###### 

Phase III Clinical Trials over Past 10 Years with Cognitive Primary Outcome

  ID   N                           Interventions   Primary Outcome         Severity                          MRI/CT Required   MRI Specifically Required   
  ---- --------------------------- --------------- ----------------------- --------------------------------- ----------------- --------------------------- ---
  1    NCT00762411                 1111            Drug: LY450139          ADAS-Cog &ADCS-ADL                Mild-Moderate     x                           x
  2    NCT00679627 \[[@ref028]\]   2051            Drug: Galantamine       MMSE &Number of Deaths Reported   Mild-Moderate     x                           
  3    NCT01900665 \[[@ref042]\]   2129            Drug: Solanezumab       ADAS-Cog                          Mild              x                           x
  4    NCT02006641 \[[@ref027]\]   858             Drug: Idalopirdine      ADAS-Cog                          Mild-Moderate     x                           
  5    NCT01955161 \[[@ref027]\]   933             Drug: Idalopirdine      ADAS-Cog                          Mild-Moderate     x                           
  6    NCT02006654 \[[@ref027]\]   734             Drug: Idalopirdine      ADAS-Cog                          Mild-Moderate     x                           
  7    NCT01524887                 508             Biological: IGIV, 10%   ADAS-Cog &ADCS-ADL                Mild-Moderate     x                           x
  8    NCT01399125                 501             Drug: Rivastigmine      ADAS-Cog                          Moderate          x                           
  9    NCT00818662 \[[@ref043]\]   390             Biological: IGIV, 10%   ADAS-Cog &ADCS-ADL                Mild-Moderate     x                           x
  10   NCT00594568 \[[@ref025]\]   1537            Drug: LY450139          ADAS-Cog &ADCS-ADL                Mild-Moderate     x                           
  11   NCT00676143 \[[@ref026]\]   1100            Drug: Bapineuzumab      ADAS-Cog &DAD                     Mild-Moderate     x                           x
  12   NCT00667810 \[[@ref026]\]   901             Drug: Bapineuzumab      ADAS-Cog &DAD                     Mild-Moderate     x                           x

ADAS-Cog, Alzheimer's Disease Assessment Scale-Cognitive subscale; ADCS-ADL, Alzheimer's Disease Cooperative Study - Activities of Daily Living; DAD, Disability Assessment for Dementia; MMSE, Mini-Mental State Examination.

Aim 2 {#sec0035}
-----

One hundred and forty-one patients met clinical criteria for the ONDRI AD/MCI cohort. Review of standardized structural MRIs from these patients revealed 22 cases (15.6%) of incidental findings, of which 15 cases (10.6%) were identified as exclusionary pathology from the AD/MCI cohort ([Table 1](#jad-74-jad191097-t001){ref-type="table"}). After the exclusion of those 15 cases, 126 patients remained in the AD/MCI cohort. Imaging exclusions included large vessel strokes, smaller strategic infarcts, tumors and prior undisclosed neurosurgeries ([Figs. 2](#jad-74-jad191097-g002){ref-type="fig"}--[5](#jad-74-jad191097-g005){ref-type="fig"}). Of those excluded from the AD/MCI cohort, 8 transferred to the vascular cognitive impairment cohort (which could include mixed disease) and 7 were excluded from the study due to pathologies such as traumatic brain injury, temporal lobectomy and sub-arachnoid cyst ([Table 1](#jad-74-jad191097-t001){ref-type="table"}).

![MR FLAIR image of patient with basal ganglia infarcts.](jad-74-jad191097-g002){#jad-74-jad191097-g002}

![MR T1 of patient with remote temporal lobectomy, not reported by the patient.](jad-74-jad191097-g003){#jad-74-jad191097-g003}

![MR T2 of patient with left anterior thalamic lacune.](jad-74-jad191097-g004){#jad-74-jad191097-g004}

![Left medial temporal lobe infarct taking out entire posterior hippocampus.](jad-74-jad191097-g005){#jad-74-jad191097-g005}

DISCUSSION {#sec0040}
==========

Quantitative measures of brain MRI may not be feasible yet as a biomarker of the Alzheimer's continuum, but standardized, qualitative, structural brain MRI may serve an important role in the diagnosis and classification of AD by identifying comorbid pathologies that may alter treatment and prognosis, and increase heterogeneity within clinical trials. Our results demonstrate that inclusion of structural brain MRI sequences could identify comorbid or alternate pathologies in over 15% of patients, as identified in the ONDRI study as part of inclusion/exclusion criteria evaluation. Yet, less than a third of AD interventional clinical trials patients had a brain MRI as part of their inclusion/exclusion criteria. It is thus possible that over 5,500 clinical trials patients (15% of non-MRI required trials participants) may have had concomitant non-AD or non-concomitant pathologies. These results have implications for current NIA-AA AD and MCI diagnostic criteria as well as for current and future clinical trial designs.

The NIA-AA workgroups identified the "lack of acknowledgement of distinguishing features of other dementing conditions that occur in aged populations" (p. 264 \[[@ref008]\]) as a limitation of the 1984 NINCDS-ADRDA diagnostic criteria that required revision. New guidelines recommend consideration of features of other dementias and neurological diseases and encourage efforts to incorporate biomarkers into the diagnosis of AD/MCI. However, qualitative review of brain MRI findings is currently not specifically incorporated within these guidelines. Likewise, the use of structural brain MRI to identify vascular disease, other comorbidities, and alternate diagnosis is not required in the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) or in the International Classification of Diseases (ICD-10) Classification of Mental and Behavioral Disorders diagnostic guidelines for AD ([Supplementary Tables 2 and 3](#S1){ref-type="supplementary-material"}). While all criteria mention that the absence of other neurodegenerative diseases or cerebrovascular disease must be established, none specifically acknowledges the value of clinical review of structural brain MRI findings. Moreover, structural imaging is not required by Canadian Consensus Guidelines for Dementia \[[@ref029]\]. Yet vascular disease and other comorbidities (e.g., tumors, unrecalled traumas, or surgeries) can affect expression of dementia and must be considered.

Subtle vascular disease (lacunar small vessel disease, small cortical infarcts, and diffuse white matter changes) may impact clinical presentation, and will have significant treatment implications (e.g., detection and treatment of vascular risk factors) that could alter long-term outcomes. In a study of 61 dementia patients from the Columbia University Alzheimer's Disease Research Center, Massoud et al. \[[@ref030]\] found that structural MRI detected 13 cases of stroke that had not been clinically suspected. Similarly, Hentschel et al, \[[@ref031]\] found that inclusion of neuropsychological test results and MRI findings changed the initial clinical diagnosis for 26% of dementia patients referred to a university memory clinic (e.g., neurodegenerative dementia to vascular dementia). Our findings are in line with these previous studies and reinforce the value of structural brain MRI in the differential diagnosis of AD.

ONDRI as well as other projects have contributed to the development of and adopted the harmonized Canadian Dementia Imaging Protocol \[[@ref032]\] (<http://www.cdip-pcid.ca>), which aims to harmonize the acquisition of magnetic resonance images. At minimum, we recommend a 3D T1-weighted scan (1 mm), FLAIR at 1.5T, and gradient echo. At 3T, 3D T1 and FLAIR allow cortical microinfarcts to be recognized \[[@ref034]\]. Such findings may suggest cardiovascular disease, and could have treatment implications, requiring a cardiac workup, including echo and arrhythmia monitoring. This could lead to use of anticoagulants; however, multiple lobar microbleeds would require caution \[[@ref036]\], further emphasizing the need to evaluate vascular pathologies.

Our results also have significant implications for clinical trials. The NIA-AA research framework recommend AD categorizations by pathology (Aβ, tau, neurodegeneration). Neurodegenerative/neuronal injury biomarkers, including structural MRI, are not specific to AD. However, without requiring brain MRI, clinical trials may be increasing heterogeneity within study samples. This may be acceptable for trials of non-specific interventions targeting diverse or "real-world" cohorts. But for AD-specific therapies, review of previous clinical trials elucidates that solely relying on clinical diagnosis of AD may be insufficient to assess eligibility for clinical trials \[[@ref037]\]. Even if amyloid PET or cerebrospinal fluid biomarkers are detected---as is now the case for many anti-amyloid trials \[[@ref037]\]---confirming diagnosis and awareness of vascular pathologies through multiple biomarkers may be necessary to ensure a homogeneous sample, or should be at least be acknowledged to stratify results and ensure vascular prevention measures are in place prior to randomization.

Despite its value in the assessment of AD, there are limitations to the use of brain MRI in the assessment of AD. As a measure of neurodegeneration, atrophy patterns seen on MRI are non-specific and MRI currently does not allow quantification burden of cerebral Aβ, tau, or other proteinopathies. Nevertheless, with deep learning and quantitative volumetry, hippocampal volumes and signature cortical thinning patterns could support diagnostic impressions. This is expected to become available in the near future. In the meantime, appropriate MRI acquisitions can currently assess possible alternative contributory causes and reinforce diagnostic specificity. Sequential MRI and longitudinal measurements of hippocampal volume could further provide additional value in assessment of AD and MCI \[[@ref038]\]. It is important to note, however, that tolerability, safety, and feasibility of MRI use, and inclusion of MRI in clinical diagnostic criteria for advanced dementia could be challenging. The findings of this study and inclusion of MRI in clinical diagnosis criteria may therefore be more applicable and feasible for MCI and mild to moderate AD. Moreover, compared to CT, the cost of MRI is higher, MRI has more contraindications and is usually less available in most jurisdictions. Access to MRI is therefore more limited for clinical use. However, these considerations are no longer limitations for research purposes at many institutions. MRI may be able to identify small vessel disease, small cortical infarcts, and vascular disease in the deep grey matter structures (especially the thalamus and hippocampus \[[@ref020]\])---that CT is insensitive to---that could alter diagnoses, treatment, and management of AD. It can also reveal specific patterns of degeneration that can be seen in the prodromal stage of AD, which can be modified by concurrent vascular pathologies.

This study highlights the need for considering structural brain MRI in the diagnosis of AD and MCI and in the eligibility criteria for clinical trials. Many publications are examining the role of MRI-based biomarkers in improving the accuracy of MCI or AD diagnoses and in predicting conversion or decline \[[@ref039]\]; however, the literature on frequency of management-altering findings from structural MRI scans is much more sparse. Participants with these findings are, if identified on imaging, sometimes excluded from research studies of AD/MCI. Given the results of the current study, future studies should explore the cost-effectiveness of more widespread MRI imaging in the diagnosis of AD and MCI. Moreover, to improve diagnostic accuracy and decrease heterogeneity within clinical trials, future research should explore additional strategies to aid differential diagnosis. Imaging analytics (including measures of vascular changes), neuropsychological assessments, genomics, behavioral measures (e.g., gait and balance), clinical and laboratory measures, retinal imaging, and eye tracking \[[@ref024]\] could potentially further enhance AD and MCI assessment. Furthermore, automated and quantitative MRI measures and analyses, and the use of other MRI modalities---such as diffusion tensor imaging, magnetic resonance spectroscopy, functional fMRI, pseudo-continuous arterial spin-labelled MRI---in AD/MCI assessment warrant further exploration.

One limitation of this study is that we could not account for patients who received a brain MRI in the community prior to screening for the ONDRI study. It is possible that clinical structural brain MRIs identified comorbid or alternate diagnoses, and these patients were not subsequently screened or included in the ONDRI study. This could have resulted in an underestimation of the burden of comorbid pathologies that might be seen in a first presentation cohort; however it is likely representative of the types of patients referred for clinical trials as these often come through specialty centers where routine clinical imaging has been performed. Moreover, in the ONDRI study, we still identified pathologies during the research screening that were not reported, not identified, or perhaps not disclosed during the clinical screening. In addition, our review of previous clinical trials was based on data reported on ClinicalTrials.gov; studies that were not registered on the website, or those that did not report complete eligibility criteria or study results on the website may influence our findings. Moreover, some studies may have required imaging measures by requiring a clinical diagnosis of AD, but not as part of the research screening for inclusion. It is also noteworthy that while many studies did not specify the use of MRI, a subset of participants in those studies may still have received an MRI. Despite these limitations, this study suggests that the use and utility of structural brain MRIs in AD/MCI assessment warrants further attention.

Despite decades of AD drug trials, there have been no successful disease modifying trials. Given the lack of reliable biomarkers, most trials use clinical progression, which is highly variable, as trial endpoints. The results of this study elucidate that lack of recognition of disease modifying co-pathologies or misdiagnosis may be contributing to increased heterogeneity within study samples and negative trials. Our results indicate that, to increase their potential for success, dementia clinical trials should include structural brain imaging protocols---ideally with MRI (e.g., ONDRI imaging protocol \[[@ref024]\] or HARNESS initiative \[[@ref040]\])---to account for real-world disease heterogeneity, and diagnostic guidelines should consider endorsing standardized structural brain MRI protocols in disease diagnosis and management.
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